We have analyzed the ablation depth yield of fused silica irradiated with shaped pulse trains with a separation of 500 fs and increasing or decreasing intensity envelopes. This temporal separation value is extracted from previous studies on ablation dynamics upon irradiation with transform-limited 100 fs laser pulses. The use of decreasing intensity pulse trains leads to a strong increase of the induced ablation depth when compared to the behavior, at the same pulse fluence, of intensity increasing pulse trains. In addition, we have studied the material response under stretched (500 fs, FWHM) and transform-limited (100 fs, FWHM) pulses, for which avalanche or multiphoton ionization respectively dominates the carrier generation process. The comparison of the corresponding evolution of the ablated depth vs. fluence suggests that the use of pulse trains with decreasing intensity at high fluences should lead to enhanced single exposure ablation depths, beyond the limits corresponding to MPI-or AI-alone dominated processes.
Introduction
The interaction of ultrashort laser pulses with dielectrics has been intensively studied over the last decades due to the complexity of its underlying physical mechanisms and its practical applications for laser structuring. Particular attention has been paid to the laser-material energy coupling and relaxation mechanisms, which have been in many cases analyzed by studying the ablation dynamics [1] [2] [3] [4] [5] . Special emphasis has been placed on the study of the temporal evolution of laser-induced plasmas, which can be studied by timeresolved, pump-probe reflectivity, transmission, or interferometry measurements [3] [4] [5] [6] . Similarly, several theoretical [7] and modeling studies [8] have been devoted to elucidate the dominant carrier generation mechanisms as a function the relevant material and laser pulse parameters. The comprehension of the role of these parameters is of vital importance for maximizing the laser energy coupling and to favor material structuring with minimal collateral damage. More recently, the use of temporally shaped ultrashort laser pulses [9, 10] has emerged as a powerful tool in laser material processing [11] [12] [13] , enabling to selectively the control different ionization processes as shown by Englert and coworkers [14, 15] . They performed experiments using shaped pulses in the form of intensity decreasing/increasing pulse trains generated by introducing third-order dispersion in the spectral phase of an initially transform-limited pulse.
This work provides results on the use of ad hoc designed laser pulse temporal shapes in the ablation of fused silica. Unlike previous studies, the pulse design is based on our direct knowledge of the laser induced plasma dynamics [3, 4] in the material under transform-limited, 100 fs laser pulse irradiation. The differences in the material response are evaluated according to the dependence of the ablated crater depth as a function of the laser fluence. Moreover, the comparison Fig. 1 Experimental setup: the fs-laser beam is aligned into the temporal shaper (TS) and the output beam is characterized using polarization-gate frequency resolved optical gating (PG-FROG). Alternatively, the laser beam is able to avoid the TS, in order to irradiate the sample using Gaussian pulses, characterized by means of a single shot autocorrelator (SSA). The pump beam at 800 nm is focused onto the sample using a focusing lens (FL). The sample surface is imaged onto the charged coupling device (CCD) using a microscopy system with a microscope objective (MO) and a tube lens (TL). The temporal shaper scheme shows that an input pulse with Gaussian temporal profile is shaped into a pulse train using a spatial light modulator (SLM), which changes the spectral phase of our transform limited input pulse. This SLM is embedded in a 4f apparatus, which has two reflection diffraction gratins (DG) and a pair of cylindrical mirrors (CM) with results achieved using 100 fs transform-limited pulses and linearly chirped 500 fs stretched pulses allows to assess the role of the different ionization mechanisms in the ablation process in good agreement with the work by Stuart et al. [22] .
Experimental
The experimental setup used is depicted in Fig. 1 . It includes a homemade laser pulse temporal shaper (TS) based on the layout by Präkelt and coworkers [10] , along with a pulse characterization system (Polarization-Gate Frequency Resolved Optical Gating, PG-FROG [16] ), and a motorized sample positioning system. The femtosecond laser pulses are delivered by an ultrafast regenerative amplifier (SpitfirePro, Spectra-Physics) providing transform-limited pulses of 100 fs duration, at 800 nm with a bandwidth of 8 nm, full width at half maximum (FWHM).
In the irradiation experiments with shaped pulses, a single pulse delivered by the fs-amplifier is temporally shaped using the TS apparatus. At the TS output a half-wave plate enables part of the beam to be split in a polarizing cube for the pulse characterization using the PG-FROG system and to control the energy of the transmitted pulse. The s-polarized transmitted pump-pulse is then focused by a lens (FL, f = 50 mm) onto the sample at an angle of 54 • to a spot size of 9.5 × 4.5 µm 2 (1/e 2 diameter). The pump pulse energy is measured using a photodiode, cross-calibrated against a Joule-meter, while the beam axis size and the maximum local fluence are determined by measuring the evolution of the ablated crater width versus pulse energy, following the method described by Liu [17] . The sample surface is monitored before and after irradiation combining a wide-field microscope with a LED (400 nm) as illumination source; the microscope employs a microscope objective (MO, 80X, numerical aperture = 0.50) and a tube lens (TL, f = 200 mm) with a 12-bit charge coupled device (CCD). After each single pulse exposure, the sample is moved to a fresh region using a motorized translation stage. The irradiations were performed in fused silica ("Lithosil" by Schott). Before and after the irradiation process, the surface was cleaned by using organic and inorganic solvents in an ultrasonic bath [23] .
In order analyze the role of different ionization mechanisms, irradiation experiments with transformed limited (100 fs) and linearly chirped (500 fs) pulses, directly generated in the regenerative amplifier, were also performed. The stretched pulses are generated by detuning the gratingcompressor in the compression stage of the amplifier, and measured using a commercial single shot autocorrelator (SSA), avoiding the path through the TS arrangement. Then the pulses are up-chirped considering the forward movement of the compressor motorized translation stage unit, which was characterized using our PG-FROG system.
A detailed scheme of the TS is also shown in Fig. 1 . It makes use of a Liquid Crystal Spatial Light Modulator (LC-SLM-S320, Jenoptik) in phase-only configuration [9] . The optical configuration is a 4f arrangement [10] , including a pair of diffraction gratings (DG) positioned in quasi-Littrow configuration, and a pair of cylindrical mirrors (CM) that collimate the light diffracted by the gratings. The LC-SLM consists of a one-dimensional array of 320 pixels suitable to accurately modify the spectral phase of the pulse. It is placed in the Fourier plane of the 4f system where the spectral phase can be controlled by addressing the individual pixels with an estimated spectral resolution 0.11 nm/pixel. The SLM is controlled by a personal computer that generates the corresponding phase masks using a temporal pulse shape design program based on a Gerchberg-Saxton algorithm and a fast Fourier transform [18, 19] . The program allows generating short pulse trains with pre-designed number of pulses, and individual pulse width (above the transformlimit value), temporal separation and amplitude.
The shaped pulses are characterized using a homemade PG-FROG apparatus, as indicated in Fig. 1 . The PG configuration was chosen in order to obtain the temporal structure of the laser pulse with no ambiguity in the time direction [16] and uses a large third-order optical susceptibility (χ (3) ) material to improve its sensitivity. The PG-FROG setup has also a wide temporal window, up to 100 picoseconds, which The red cross at 7.2 J cm −2 represents the crater depth produced using a train with decreasing intensity envelope; the blue one represents the depth using a pulse train of identical fluence, but with increasing intensity envelope. The inset shows a schematic picture of how the pulse trains irradiate the surface sample. The graph is divided into two different regimes based in the relative efficiency of the ablation process allows measuring long temporal spread structures, such as pulse trains with a very long separation between consecutive pulses. The color image next to the PG-FROG box corresponds to a typical PG-FROG trace of a train of pulses with decreasing amplitude.
The ablated craters were studied using a interferometric microscope operating at 460 nm (Sensofar profiler, NA = 0.55, objective 50X) with a resolution of ∼2 nm. The reflectivity changes at the surface were studied using an optical microscope in reflection mode (Nikon Eclipse, at 460 nm, objective 100X). Figure 2 shows a systematic set of measurements of the ablated crater depth as a function of fluence for Gaussian single pulses with two different durations, transformlimited (100 fs) and linearly chirped (500 fs). Corresponding schematic intensity temporal profiles are shown as an inset in Fig. 2 . These two temporal pulse durations were used in order to investigate the dependence of the topography modifications on the ionization mechanism involved and the corresponding energy coupling efficiencies, correlated to the crater depth induced.
Results and discussion
The plot can be divided in two regimes, corresponding respectively to fluences below and above 15 J cm −2 . In regime 1 (F < 15 J cm −2 ), the curve for the 100 fs pulses shows both a lower single pulse ablation threshold and a much steeper slope than the one for 500 fs pulses. For fluences around 10 J cm −2 , the crater depth for 100 fs pulses starts saturating. In regime 2 (F > 15 J cm −2 ), the tendency is inverted and the longest pulses generate craters which are deeper than for 100 fs pulses. In this regime, the crater depth induced by shorter pulses is saturated while it keeps increasing for the longer ones.
We have compared the peak power densities and pulse durations used in our study with recent numerical results reported by Rethfeld and coworkers [20] using the kinetic approach with a dynamically changing refraction index and absorption coefficient, multiple rate equations (MRE) [7] and a finite pulse width, and by Christensen and Balling [8] based also on MRE and using temporally Gaussian pulses. According to these works, for a pulse duration of 100 fs and the corresponding intensities, carrier generation should be dominated by multiphoton ionization (MPI) while for a pulse duration of 500 fs the process should be strongly influenced by avalanche ionization (AI). Accordingly, the differences observed in the ablation yield can be understood, at least qualitatively, in terms of the different ionization mechanism involved. Avalanche ionization (AI), requiring an initial carrier population to be heated by inverse bremsstrahlung, is favored by the longer pulse duration (500 fs) while MPI is favored by shorter pulse durations. Within regime 1, for a given fluence, the 100 fs laser pulse has a higher intensity peak generating sufficient free carriers by MPI for an efficient ablation process. In contrast, the 500 fs pulses do not generate an initial free carrier population via MPI that is sufficient for ablation to take place via strong-field excitation alone. Carrier heating and impact ionization taking place during the 500 fs pulse are needed to induce ablation. When the fluence is increased above a certain value, the carrier generation rate for the shortest pulses reaches a saturation value, as does the ablation depth. For the longer pulses, the amount of free electrons available to be heated by inverse bremstrahlung and contributing to AI keeps increasing, leading to an crossing of both curves. We would like to remark, though, that our experimental results are also consistent with an ablation mechanism in which only MPI and carrier heating by inverse bremsstrahlung occur without impact ionization. Such a mechanism has been proposed by Guizard et al. [5] , who measured the density of excited carriers in a double pulse experiment, without finding evidence for additional carrier generation by the second long pulse. In our case, carrier heating alone would extend the plasma lifetime and likely enhance the ablation efficiency.
Our results are consistent with those of Christensen and Balling [8] who have modeled the ablation yield as a function of fluence based on the multiple rate equations [7] and taking into account both the pulse duration and its propagation inside the material. The authors calculate the ablation depth for conditions (800 nm wavelength, 100 fs and 400 fs pulses, 5 eV band gap) that are similar to ours. Their results are qualitatively very similar to the ones we in report in Fig. 2 , including the crossing of the curves above a fluence threshold, although their calculations overestimate the induced depths. A different alternative to model the observed behavior for a process dominated by MPI is reported in [3] . It considers the attenuation in the local intensity inside the material via an m-order multiphoton absorption process to generate to the following expression, relating the ablated depth and the pulse fluence:
where d max is the maximum ablation depth at the crater and A m , B m are fit parameters which can be used to determine the ablation threshold fluence F th and the m-photon absorption coefficient α m . For the band-gap of fused silica (E g = 7.2 eV) and a laser wavelength of 800 nm, m = 5. Figure 2 includes the numerical fit of the experimental data for 100 fs laser pulses, showing an excellent agreement over the whole studied fluence interval, and leading to values of F th = 4.7 J cm −2 and α m = 25 cm 7 J −4 , which are consistent with previous studies [3] . The fit also confirms the saturating behavior expected for an MPI dominated process according to this simple model. Saturation is not observed for the longer pulses studied, further supporting the contribution of a different dominant ionization mechanism (AI). In order to analyze the material response under shaped pulses, we have made use of previous plasma dynamics studies in fused silica irradiated with ∼100 fs transform-limited pulses. These were performed by fs-resolved microscopy in transmission configuration [3] and are in good agreement with the observations of Chowdhury and coworkers using single-pointprobing [6] . We have included as an inset in Fig. 3(a) the evolution of the recorded transmission for a fluence (6.4 J cm −2 ) close the ablation threshold. The transmission of the probe pulse at 400 nm upon irradiation shows a rapid decrease after the arrival of the pump-pulse (800 nm) reaching a minimum for a delay of ∼400-500 fs [3, 6] . This behavior is consistent with the formation of a dense electron plasma that subsequently relaxes over much longer timescales. A detailed discussion on the origin of the delayed plasma build-up time occurring after the end of the pulse is given in [21] .
The fact that for a delay t = 500 fs the transmission has reached its transient minimum implies an enhanced absorption due to free carriers. It seems thus efficient to initially excite the material with a short pulse in order to generate a high plasma density via MPI and then after t = 500 fs further excite the strongly absorbing plasma very efficiently via AI. For this purpose, we have designed pulse trains, with a separation between pulses of 500 fs, and decreasing or increasing intensity envelopes. Figures 3(a), (b) shows the measured temporal profiles of the shaped pulses, the images of the craters generated at the same fluence for both pulse envelopes Figs. 3(c), (d) , and the corresponding crater-depth cross sections Figs. 3(e), (f), respectively. The higher efficiency of the pulse burst with intensity decreasing envelope is already evident by the larger diameter of the ablated crater (Fig. 3(c) ), which also shows a larger maximum depth (∼72 nm versus ∼52 nm). When compared to the crater depth produced by a stretched 500 fs laser pulse pulse train (cf. Fig. 2 ), it shows a better energy coupling (i.e., a deeper ablated hole) at the same fluence. This ∼30 % ablation depth efficiency improvement for the shaped pulse is conceptually consistent with the results discussed in [14] , where a pulse train with decreasing intensity (generated by imposing a cubic phase profile in the spectrum of the initial laser pulse) leads to deeper ablation than for increasing intensities. It is worth noting, though, that in our case the crater is not confined to a subwavelength size as in the case of [14] , but extends over many micrometers.
In contrast for the pulse train of increasing intensity (Figs. 3(b), (d), (f) ), the first pulses do not produce a plasma sufficiently dense to promote efficient absorption of the subsequent pulses. As a consequence, this pulse train does not lead to a better energy coupling and the ablation depth achieved is comparable, for the same fluence, to the one caused by a stretched 500 fs laser pulse (cf. Fig. 2) .
When compared to the effect of a 100 fs transformlimited pulse of the same fluence, the pulse trains lead to a shallower ablated crater depth. The ultimate reason for this is that for the lower fluences (regime 1) carrier generation via MPI is more efficient than AI (see Fig. 2 ). At higher fluences, the MPI-dominated process shows though a saturating behavior, whereas ablation involving AI leads to a further increase in crater depth. Unfortunately, with the present experimental configuration, we cannot generate shaped pulses with fluences beyond the border between regimes 1 and 2. Further studies will be devoted to investigate the material behavior under shaped pulse trains at higher fluences for which we expect to produce large ablation depths both avoiding the saturating behavior of MPI dominated processes and enhancing the carrier generation above the limits imposed by AI dominated ones.
Conclusions
We have found experimentally that the evolution of the ablation depth vs. fluence observed upon single pulse irradiation of fused silica with transform-limited 100 fs laser pulses shows saturation for high fluences, as opposed to irradiation with longer pulses durations (i.e. 500 fs). A simple model is able to fit well the data for 100 fs pulses, when assuming multiphoton ionization (MPI) as the dominant mechanism. We have exploited the potential of avalanche ionization (AI) for efficient ablation by specifically designing pulse trains, in which a first short pulse generates a plasma via MPI and the next pulse acts on this plasma inducing AI. The optimum pulse separation found was 500 fs, consistent with previous studies of the plasma dynamics studies showing a maximum in transient absorption. Moreover, we have found that pulse trains with decreasing intensity envelopes, for a given fluence, are more efficient in terms of ablation depth than pulse trains with increasing intensity envelope or stretched (500 fs) pulses. The extrapolation of this result for very high fluences (>15 J/cm 2 ) suggests that such pulse trains might enable the production of extremely deep ablation craters with maximal energy efficiency. Further studies will be devoted to clarify the material topography changes, in terms of ablation depth efficiency, upon shaped pulses at this fluence regime.
